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SUMMARY

The work carried out on the present research program dealing with the

surface physics and chemistry of electrical contact phenomena is embodied

in the four appendices attached to this summary. Appendices I and I were

carried our principally under a subcontract from the Westinghouse Research and

Development Laboratory. It was supported by the Office of Naval Research under

an Advanced Research Projects Agency Contract N-00014-79-C-0110. It is useful

from a chronological point of view to include this work in the present report.

Appendices III and IV were carried out under the present contract. These publi-

cations and manuscripts submitted for publication represent the major results

obtained so far on this project. I would, however, like to summarize here

briefly the principal findings and the general direction of research efforts.
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REPORT

The basic principle which underlies our efforts is that the electrical

* and mechanical properties of the brush-slip ring interface are determined by

the topography and operating temperature of the contacting surfaces, the chemical

composition of the surface and near surface regions, and the relative mechanical

motion of the contacts. In our first studies we investigated the compositional

changes that occur on the surfaces of four different stationary copper specimens

when they were heated in ultra high vacuum. It is well known that local con-

tact points in the interface between a brush and slip ring may get very hot

during rotation when current flows. As a result, elemental surface segregation

of impurities or deposits in the copper sample may occur at the surface,

* thereby changing its composition. The interfacial composition then would be

expected to be quite different from what one has in the bulk. Such an

interface could be expected to have very unusual properties. Appendix I shows

* that indeed drastic changes in chemical composition will occur on copper sur-

faces when they are heated, even when the bulk copper is 99.9990%.

Appendix II focuses on the segregation of sulfur to the surface and some of

the kinetics are worked out. It was shown that in most cases one can describe

the mechanism of sulfur surface segregation in terms of a simple outgassing

model that involves bulk diffusion of sulfur to the surface and its precipitation

there. Clearly locally high temperatures will change the interfacial compositions

under equilibrium conditions.

While the previous work was being carried out, the ultra high vacuum

system was being modified so that one could make several important measurements

in situ while a slip ring was being rotated against two brushes on separate

track~s and while current was being run across the interface. This new arrangement

is discussed in Appendix I11. It is now possible to measure in situ: (1) the



elemental surface composition of a rotating slip ring on any particular

track by Auger electron spectroscopy, (2) the electrical contact resistances

of the positive and negative interfaces, (3) the average frictional force

applied at both brush-slip interfaces, (4) the temperature of the brush

approximately 1 mun from the interface, and (5) the residual gas spectrum in

the vacuum system with a 90 0magnetic sector spectrometer. We can also vary

the contact current and have used currents up to 50 amperes to date. After

each experiment is run, we remove the brush and slip ring from the vacuum

system and examine the topography of their surfaces with a scanning electron

microscope. We also have the capability of x-ray mapping and x-ray line pro-

file analysis on the SEt4, features that will be extremely useful (when we

start varying the composition of the brushes and slip ring) in investigating

the transfer of material from one surface to the other. It should also be

pointed out that the Auger data is fed directly into a Hewlett-Packard 9825A

computer for storage on tape, analysis, and plotting.

The first results from this new system are presented in Appendices III

and IV. This work was all done using an ultra high vacuum environment for the

OFHC slip ring turning against two 99.999% Cu wire brushes. Of course, this

is not a practical environment; but it is the first step in a series of ex-

periments in which the environment will be changed.

We are presently preparing experiments in which wet CO2 will be introduced

into the vacuum system at atmospheric pressure and with the ion pump sealed

off. We expect to run the slip ring for about 15 minutes in this environment

and then pump it out prior to making the Auger electron spectroscopy (AES)

measurements. We can of course measure the contact resistance and friction

in the wet CO 2 environment as the slip ring turns. The AES measurements, how-

ever, require high vacuum. Thus from them we will get the initial and final

composition of the surface of the slip ring but not changes that take place
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during operation. We are also planning experiments using lower wet-CO2

partial pressures, such as 10"5 torr, where it would take only about 0.1 sec

for an adsorbed monolayer to form. That may be sufficient time to observe

the same effects as would be observed at atmospheric pressure.

These initial measurements with various gaseous ambients and at various

pressures would all be carried out with copper brushes and slip rings. It is

expected that several runs will be made before the end of the present contract

year. In subsequent experiments the bulk compositions of the brush and slip

ring materials will be varied. The specific details of the future research

program were more fully described in the original 3 year proposal submitted

in 1979.

MO
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Elemental Surface Composition of Slip Ring Copper as a
Function of Temperature

RICHARD W. VOOK. BHOJ SINGH. ERNST-AXEL KNABBE. DILIP K. BHAVSAR. MEMBER. IEEE. AND JACKSON H. HO

Abstract--The surfaces of four copper samples--oxygen.free high-con- EXPERIMENTAL AND ANALYTICAL TECHNIQUES
ductivity (OFHC) (99.96 percent) Cu. 99.99 percent Cu. 99.9999 percent
Cu, and a dilute Ag/Cu alloy (0.066 weight percent (wt %) All In OFHC Materials Used and Surface Preparation
Cu)--were examined in an ultrahigh vacuum system by Auger electron
spectroscopy as a function of temperature between 25 and GOWC. It was Four copper samples were used in this work: oxygen-free
found that the elemental surface composition of each sample varied
drastically with temperature. For example, carbon was a surface con- high-conductivity (OFHC) (99.98 percent) Cu, 99.99 percent
stituent in amounts ranging from 0 to about 100 at %. depending upon Cu (Materials Research Corporation "VP" grade). 99.9999
surface treatment. An Interesting finding was the rapld surface segregation percent Cu (Gallard-Schlesinger Co.). and a dilute Ag/Cu alloy
of sulfur upon heating in all samples, leading to surface concentrations (0.086 weight percent (wt %) Ag in OF10 C Cu). The surfaces of
ranging up to 32 at % in some cases. These results suggest that the higher
temperatures occurring at the current-carrying surface asperities will alter each were polished flat with grit 600-A emery paper, ultrason-
the composition of the Interface. Hence, the electrical resistance of the ically cleaned in acetone, and then rinsed with ethanol. This
Interface and its friction and wear properties may he grossly affected. procedure constitutes conventional cleaning (CC). The samples

were then inserted in a stainless steel bell jar system equipped
with a 3-kV Auger electron spectrometer (AES). a 90 magnetic

INTRODUCTION sector partial pressure analyzer, and a 600-eV sputter ion gun.

TN ELECTRICAL brush/slip ring contacts only a small frac- Each specimen was clamped to a stainless steel substrate holder
.tion of the geometric contact area is active in carrying current. by means of copper clamps made up of the same material as the

Much theoretical work has shown that these local points of specimen itself. The substrate holder contained a Ta wire heat-

electrical contact will have high current densities that tend to ing element insulated by means of alumina tubes. The tempera-

raise their temperatures considerably [ I]. Thus various tempera- ture of the holder was measured with a chromel-alumel thermo-

ture-dependent processes can be expected to occur. One of these couple. Specimen temperatures ranged from 250C to 6000C. All
would be atomic diffusion resulting in changes in the surface Auger spectra were taken with the same Auger parameters like
compositions of the copper or copper-alloy slip ring and the electron beam energy, electron current density, modulation
brush material, even in cases where the bulk solute concentra- voltage. etc.
tion is extremely dilute. Previous work in this area has shown Two sets of experiments were carried out. In the first, the CC
that elemental surface composition changes are frequently ob- sample was heated without baking the system and without
served when a specimen is heated [21-[5]. Since the current- sputter-etching its surface. The pressure in the system during
carrying capacity of electrical contacts could be limited by a thin these experiments ranged from 3 x 10-° Torrto I x 10-8 Tont.
film at the interface, perhaps only a few atom layers thick. With the important exception of the vacuum environment, these

chemical compositional changes at that interface could have experiments correspond more closely to what may occur during
profound effects. It was on this basis that a study of the change an actual operating contact.

in elemental composition of various polycrystalline copper sur- In the second set of experiments the system was baked and
faces as a function of temperature was initiated, then cooled to room temperature where argon ion sputtering was

carried out to clean the surface of each sample. The base
pressure prior to introducing argon was 6 x 10-1 Tor. It was

Manuscript received September 9. 1979; revised October 15. 1979. found that 600-eV argon ions did not remove carbon from the
This work was supported by the Office of Naval Research under Ad- surface of the sample. However, by adding another 1500 V to
vanced Research Projects Agency Contract N-000 I 4-79-C-0110, via a the specimen itself, almost all the carbon was removed after 16 h
research subcontract from the Westinghouse Research and Develop-
ment Center. Pittsburgh, PA. of sputtering at an argon pressure of 5 x I0-- Tort. The

R. W. Vook and E. A. Knabbe are with the Department of Chemical remaining carbon covered approximately 2-10 atomic percent
Engineering and Materials Science, Syracuse University, 409 Link Hall, (at %) of the surface. The argon was then removed and the system
Syracuse. NY 13210.

B. Singh is with the Department of Chemical Engineering and pumped down to a pressure of 3 x 10-9 Torr in I h. where the
Materials Science, Syracuse University, Syracuse, NY 13210. on leave principal constituent was argon. During heating of the samples
from the University of Jodhpur, Jodhpur, 342001 India.

D. K. Dhavsar was with the Department of Electrical and Computer tO 600*C, the background pressure rose to approximately 5 x
Engineering, Syracuse University, Syracuse, NY. He is now with the 10 - 9 Toff. Sputter-etched surfaces prepared in this manner will
General Electric Company. Electronics Park, Syracuse, NY 13221. be designated by SE. Only the CC Ag/Cu surface was run once

J. H. Ho was with the Department of Chemical Engineering and
Materials Science, Syracuse University. Syracuse, NY. He is now with while two or more runs were made on each of the other specimen
the Xerox Corporation, Rochester, NY 14580. surfaces.
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Fig. I. Typical computer printout of surface composition of an SE Fig. 2. Carbon and copper concentrations on surfaces of four differ-
sample of 99.9999 percent Cu. Run It. ent kinds of conventionally cleaned Cu samples as a function of

temperature.

Auger Electron Spectrum Analysis C
The surface chemical analysis was based on methods reported 9 fi t

earlier [61. For element x its atomic concentration C, is given by

I./Sl n/S%

Sli/si

where 1, is the peak-to-peak height of a particular Auger transi- 5 -Cu
tion for element.r and S, is the relative sensitivity factor of this -- - C
element r with respect to a pure elemental standard measured i 40

under identical experimental conditions. The summation is over Q o
one Auger transition of each of the n elements present on the
surface. Values of Si and typical Auger spectra have been 2 vgsgm%
tabulated [7]. Equation (I) is a first approximation to a concen- - - - ,
tration since it neglects changes in line shape, surface topog-
raphy differences in Auger electron excitation due to the back- " - o
scattering of the primary electrons, electron beam effects, and T0 0 0 0,'0
variations in the sampling depth of different elements (or differ-
ent lines from the same element) due to the dependence of the Fig. 3. Carbon and copper concentrations on surfaces of sputter-

etched Cu samples as a function of temperature.
escape depth on Auger electron energy. Recent reviews of these
problems were given by Powell 18) and Chang 161.

The data analyses were done by computer techniques: a heating process. no depth profiles were obtained. The present
typical run is shown in Fig. I where the Auger peak-to-peak experiments. therefore, are more closely related to what would
heights and specimen temperature are plotted versus the time he expected to occur in practical cases involving operating
during which the data were taken. electrical contacts. In interpreting the experimental AES

results, it should be remembered that the actual elemental aggre-
RESULTS gations that occur on a surface may in some cases penetrate a

The data obtained from graphs such as Fig. I were used to distance of many atom layers into the bulk. Figs, 2 and 3 give
plot Figs. 2-7. which show the average atomic concentrations at the C and Cu concentrations for the two surface preparations as a
a given temperature for various elements and various copper function of temperature. It is clear from Fig. 2 that the principal
substrate materials and the two surface preparations (CC and surface constituent on CC copper surfaces is carbon, This effect
SE). Because the experimental objectives were to obtain the is commonly observed in essentially all research in the surface
cumulative effects of elemental surface segregation during the science area. The Ag-bearing Cu shows a surprising drop in
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IFig. 5. Surface concentrations of sulfur on four sputter-etched Cu Fig. 7. Surface composition of a sputter-etched Ag/Cu alloy (0.086
samples as a function of temperature. wt57, Ag) as a function of temperature.

carbon concentration above 500'C for both surface prepara- gation occurred above I 00°C for OFHC Cu and above 200°C for
tions: to two percent and to zero for the CC and SE surfaces, the other three samples. Again. above 500°C the sulfur concen-
respectively. The initial high C concentrations on the CC sur- tration on the Ag/Cu alloy dropped sharply to zero at 6000C. In
faces are due to the adsorption of trace hydrocarbons, CO. etc.. the case of SE OFHC Cu. the surface concentration of S rose to
in the atmosphere prior to insertion of the samples into the 36 atr upon cooling from 600*C to 25°C. This sulfur concentra-
ultrahigh vacuum (UHV) system. It is a result that cannot be tion was the highest value observed in these experiments.
avoided as long as atmospheric exposure is allowed to occur. Figs. 6 and 7 show the very interesting surface concentration

The concentrations of sulfur on copper surfaces are shown in changes that occur when an extremely small amount of Ag is
Figs. 4 and 5. On CC surfaces (Fig. 4) there is a tendency for the added to OFHC Cu and the sample is heated. It should first he
sulfur concentration to drop on heating the three Cu samples to mentioned that the elements shown in these figures are the only
3W0-400'C. Above 400°C there is rapid surface segregation in ones that were detected. Also, the presence of implanted argon
all four samples. In the case of the Ag/Cu alloy, however, there was observed for all SE samples in this work. Argon always
is a rapid drop to zero concentration at 535°C. The SE surfaces desorbed completely as the temperature rose above 200'C. Figs.
had zero S concentrations initially. Appreciable surface segre- 6 and 7 also show that on heating, the surface segregation of Ag
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does not occur for the CC surface (Fig. 6). but does occur for the sulfur segregation on polycrystalline copper surfaces as a func-

SEsurface (Fig 7). However. on cooling the CC sample of Fig. lion of temperature. surface preparation. and bulk purity has
6, a small amount of Ag segregation is observed 12 at I/ been reported. In the present investigation it was found that even
maximum at 205'C). which decreased toabout(O 5at44 at250 C in materials such as 99.99 percent and 99.9999 percent Cu.

Surface segregation of S. Ca. Sb. and 0 also occurred in the where S was not detected by emission spectroscopy techniques.
Ag/Cu specimens. Above 50()0 C carbon disappeared entirely in significant S segregation was observed. It is believed that the
the SE case and almost so Ior the CC surface (to about 2 at I I sulfur atoms diffuse from the bulk of the sample to the grain
Also above about 5(X)°C. sulfur is eliminated at approximately boundaries, and then to the surface. Calculations show that a
the same time as the oxygen concentration increases. At 6(X) C bulk concentration of S as low as 0. I ppm in a I-cm cube can
in the SE case only Cu and 0 are detected on the surface lead to monolayer coverage on the surface. The nominal sulfur
Presumabl, the diffusion of dissolved oxygen from the interior concentration in OFHC Cu is 12 ppm (American Society for
of the alloy to the surface is enhanced by the presence of a small Testing and Materials specification B 170, grade 2). This prob-
amount of Ag in the bulk, since oxygen permeates Ag rapidly at lem is treated more extensively elsewhere 1101.
high temperatures. While all these results were obtained under high vacuum

Small amounts of oxygen were present on the surfaces of all conditions, they illustrate some of the tendencies for surface
of the specimens at the beginning of each heating cycle. Some of compositional changes that might be expected under normal or
it was no doubt due toCO adsorption from the residual gas in the controlled atmospheric conditions. They also show very clearly

UHV system. Only in the Ag/Cu alloys did the oxygen concen- that the local operating temperature of electrical contacts may be
tration rise appreciably upon heating. Generally, it decreased as of utmost importance in determining the nature of the film
the CO was desorbed or the oxygen atoms diffused into the bulk resistance which controls the current-carrying capacity of the
of the Cu specimen, interface and its friction and wear characteristics.
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AES study of sulfur surface segregation on polycrystalline
copper

B. Singh, R. W. Vook, and E.-A. Knabbe

Department of Chemical Engineering and Mlaterials Science, Syracuse Univuersity Syracuse. New York 13210

(Received 20 August 1979; accepted 16 November 1979)

The surfaces of four polycrystalline copper samples were examined under UHV conditions by
AES: OFHC Cu. 99.99% Cu, 99.9999% Cu, and 0.086 wt. % Ag in OFHC Cu. Surface
chemical compositions in the range of 25 -60C were determined. Sulfur concentrations
on the surfaces at various temperatures were also measured as a function of time. In almost
all cases the sulfur concentration increased as (time)"'. This process was interpreted in terms
of a model based on diffusion controlled "outgassing" in which the sulfur segregated to the
surface instead of vaporizing. The activation energies for this process for the four samples
ranged from 0. 18 to 0.31 eV/atom. RHEED data from an OFHC Cu sample indicated that
sulfur formed an orthorhombic CuS structure on the surface. Around 500C the Ag-Cu
alloy experienced a complex, rapid stage of segregation of sulfur. Above this temperature
range the surface sulfur concentration dropped rapidly, reaching zero at 60C.

PACS numbers: 82.65.Jn, 66.30.Jt, 64.75. + g

1. INTRODUCTION 11. SAMPLE PREPARATION AND
Electrical contact phenomena includ~inlg sliditig frictil p EXPERIMENTAL PROCEDURE

plications involve the generation (if highi tenijx-ratures, at local Four different copper samples were used for this study:
asperities inl the particular interface. Such high telfllperat tres OFHC( (99.9V I Cu. 99.99'r Cti (Miaterials Riesearch Corpo-
almost irnevitabl catise changes inl the surface comjxosition rationiV grade). 99.991f)% ('it (Gallard-Schiesinger Co I
of the contact material. Consequett1 the electrical and mie- and( a diltite Ag/Cui allo\ (0.086 %% /o Ag in OFH-C Cu). A
chanical properties of the interface, such as current-carrying rectangular piece, allout I cut X I cm X 1.5 mot thick. w-As
capacity, friction. avid wear, will lie chiinged accordinigl cut from each sample'. pilislied flat using entery- papers ewding
While various materials and coatings have been used on % itli grit 600 A, washed inl acetone in ant ultrasoniic bath for
electrical conitacts in practical applicationis, tile most comn- approsilllatelk 30 mini and finally rinsed %k ithi ethanol. Each
mooly used material is copper, usually 0114C copper. It was sample wvas attached ito a stainless steel substrate holder by,
for this reason that a surface chemical analysis of various mleatis oif clamups, made up of the same material as the speci-
pohNcrystalline copper samples a% a funiction of etemperature men itself The substrate hvolder was heated 6% a Ta wire
in the range 25 '-M0( C was carrited out unider ultra-liigh heat ing elemlent that s% as electrically insulated hv means of
vacuum coniditions and~ usinig Auiger electronj spectroscop) alumina tubIes The hleatinig elemeiit itskelf was wound in such
techniques.' I a %% ay as tol elimiiate most of the associated magnet ic field.

Four polycrystalliiit copper samplles (if different purity A chl'rel-alutnel thermocouple was clamped to the substrate
were used in) ths study. A discussion of tilt( actuial chemical for templerature measurement. Trhe specimen and holder.
composition of the surfaces as a function oif tenmperature will nmounte(oil a specimen naiiiptilator, were then inserted inito
be given elsewhere.2 In the present report the details of the a stainless steel ultrahigll vacuumin chamber, equipped with
segregation of sulfur on the copper surfaces is giveii, sulfuir a 3 keV cy lindrical mirror analyzer for Auger electron Spec-
being usually the third most prevalent element there, after troscopy (AES). a 90'~ magnetic sector partial pressure ana-
Cu and C. It was found that sulfur segregated to the surtface lyzer, and a 6(K) eV' inert gas sputter ion gun.
in all specimens. eveni ont a cop~per samp~le of 99.9 K9 M.% lirity. The syst('m wvas baked at 2(0) C and then cooled to room
The segregation prcess is diffusioni co~ntrolledl ill all cases alld temtperature where argonl ion spititteriiig was carried out to
at all temperatures inivestigated. escept near 50) C~ inl a dilute clean I t( suirfave of e'achI sample. The base lpresstire prior to
Ag-Ciu alloy. For this case the itegregaiioni nuechiaiuismill)a- intrixducitig argon sas5 6 X 1t1 "Torr (7 X 10-8 Pa). The
peared to) be quite different. Previous %% ork has also) Shown that argon) ion becam was focuseRd and positioned( on the sample b\
sulfur segregates on tile surface tif coppier at elvated te"%- prevalibrating the sp)'cinen translation knobs with iso (ion
peratures.- 5 Harris-3shlowed that S segregated totlit(- suirfaces be-am) current colutotirs. The (0) eV argon ions did not re-
of Cu and many other metals uponi heating jetikins and( move carbon froum the( surface. By addig -ISMK V' to the
Cluing4 observed the formation of an ordered sulfur super- specimen. almost all the carbon was removed after 16 Ih of
structure ona (I11)Cu monocrystal. Apparently no one has sputtering at an argon pressure of 5 X 1- 5 Torr (7 X 10-3 Pa).
reported a detailed study of the segregation of sulfur on the The remainig carbon covered approximately 2-10 a/o of the
surfaces of various polycrystalline copper samples of varying surface. The argon was then pumped out and the pressure
purity, as was carried out in the present investigation. reduced to 3 X 109 Torr (4 X 1i-7 Pa) in one hour, where
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the principal residual constituent was argon. During heating liaceaing -raeatitm of carbon probably arise from
of the sample to 6000 C. the background pressure rose to ap- electron beam damwmon ol CO and/o other hydrocarbons
proximately 5 X 10-9 Torr (7 X 10-1 Pa). in the residual Is rother ttn precipitatio from the bulk

Imtml). suMur conceeeratuuw were blow the detection limit
Ill. RESULTS on the surfaces at ranon emperature Appreciable surface

segregati uctureda bve Ioot for OFHC Cu and above
The Auger spectra reported here were obtained using a m : lor thw htiw.. tampl-s Around 500°C, the sulfur

primary beam energy of 3 KeV and a ntilulation amplitude concentration on the, Ag Cu allot incrased rapidly, then
of 5 V (peak to peak). Typical Auger traces covering a 50-- dropped sharpl% to z-ro at ' .C Also above 500'C. the
1250 eV range were recorded Iii each experimental run. the oxygen conv.ntration sared ,ncrtasng at approximately the
sample was heated to a desired temperattre from 25' to same tnme as the stifut r was st imieated At 600 C onl oxygen
600'C in steps and then held at that temperatuire % mhil uc.-

and Cu were detected on the surface lIn Fig 1h&, the AEScessive Auger spectra were taken during the sulw'quent .50-60 ra
min For correlating Auger traces of various runs on four

samples, peak to peak heights of all signals were normalized 6  concentration of approzniatel) 30 an Upon cooling from
600' to 25 C, tie surface concentration of S rose to .36 a/o.

to fractional atomic surface concentrations by the relation C. 600no 25mperthe saeq concentration of S
= (1/S 1 I,/,), her I~is te pal o pek Ager At no temperature was an equilibrium concentration of S( (-le/S), where !, is the peak to peak Auger attained on he surface Thuis additional S ,Aoild he exlx'cted

electron intensity for a particular Auger transition aud S" is to precipitate on coliig from 600'C The sulfur concentra-
the relative elemental sensiti% it\ factor measured on a pure tion of 36 a/o was the highest value observed in these exper-
element standard under identical exlx.rimental conditions. iments.
The summation is over one Auger transition of each of the N A small amount of surface segregation of Ag. Ca. Sb, and
elements present in the surface. 'alues of S. and typical Auger 0 also occurred in the Ag/Cu specimens. While the alloy
spectra have been tabulated.6 The equation for C1 is only a contained 0.086 e t ., of Ag ii OFIIC Ci, a 3 a/o maximum
first approximation to the surface concentration since it ne- Ag segregation was detected on the surface at 400m-500C.

glects changes in line shape, surface topography differences All surface impurities other than oxygen disappeared at

in Auger electron excitation due to back scattering of the 600'C The surface composition changes for all four specimen

primary electron, electron beam effects, and variations in the

depth of sampling for different elements or different lines types are given elsewhere.2

from the same element that are caused by the dependence of
escape depth on Auger electron energy.' However. for the IV. ACTIVATION ENERGIES FOR SEGREGATION
purposes of the present report, the procedure used here to
determine C, is adequate. The chemical analyses supplied by the manufacturers of

At room temperature, sputtered clean surfaces show about the 99.99!( Cu and 99.9999% Cu samples indicated that they
90 a/o surface concentration of Cu and a small concentration did not detect any sulfur in the bulk Thus an analysis that did
of C and Ar. See Fig. 1(a). Argon was implanted during not depend on knowing this quantity for each sample was
sputtering and was completely desorbed as the temperature required. The method used involved the assumption that
rose about 200'C. Carbon, however, stayed on all four sur- segregation of sulfur occurred via a diffusion process essen-
faces. Its concentration increased slightly with temperature. tially identical to that involved in the outgassing of materials
However, only for the Ag/Cu alloy, above 500'C the carbon in a vacuum. Surface segregation may be thought to differ
concentration decreased to almost zero (< 2 a/o). The slowly from outgassing only to the extent that the diffusing species

is not volatile but accumulates on the surface. One would
expect this procedure to be valid in the present experiments
where the surface concentration of the segregant was small
(< .36 a lo in our maximum case). The diffusion controlled

A outgassing rate from a slab having a uniform initial concen-
tration C, has been obtained as a solution to Fick's law. It is

04 given by-,

4AD C. tO = exp -Ir(2n + 1)12 D  (1)

where Qn is in such units as CC (STP)/s, A is the surface area,
N . d is the thickness of the slab, t is the time and n is an integer.

Since diffusion coefficients D in solids are very small, the
condition Dt/d 2 < 005 is satisfied for reasonable times. In
this case the gas evolution rate may be approximated by'

so) 2W go0 no 000 II tECW" w"..V QD = A C, (D/1r)'/'. (2)
FiG. I (a) AES trace of sputter cleaned Ag/Cu sample. (b) AES trae of
OFHC Cu umple heated to 600° C and kept there for 10 min. If f, is the peak to peak height of the Auger electron signal,

J. Vac. Sel. TechMol., Vol. 17, No. 1, Jan./Feb. 1910
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thenl 1, - Q~ di. Thus the slopes of the lines in Fig. 6 yield activation energies for
suilfur segregation on copper surfaces. The values obtained

1, = 2SA C, (D/I r)'i2 t 12 + 1( K 1 02 + 10 (3) are 0..31,0.24, 0.18, and 0.29eV/atom for OHFCCu. 99.99%~

~lbere S is a cotistalat of lprop{IrtioIaulitN which includes the Cu (WP). 99.9999Fc Cu, and the Ag/Cu alloy, respectively.

relative wnlsitiv.itv. Sinces de (1 ]ot know Ci. we can rewrite For fihe Ag/Cu alloy. sulfur segregated very rapidly around
11ii; qutio asinicaedin 3) hee Kisanother constant 5(X)'(., where relation (3) did not hold (see Fig. 5) H-owe~er.

tti proportionlal to) D1 '2. this rapid segregation could be interpreted as a f ast adsorption
Plots of the sulfur peak to peak heights versus the square process where the rate of adsorption (or segregation iii our

rtit of time for a slow segregation process are shown in Figs. case) is given by'
2.3.,4. and 5 for four copper sampttles at various temperatures. d.d P( )tep-Ak) 5
The slopes K of the least squares fit lines (excluding the points d 5 d P( )~ep-Ak) 5
at t = 0) are proportional to the squiare root of the diffusion
coefficient DT. The squares of these slopes., i.e., K(2, are plotted
onl a logarithmic scale vs the reciprocal of the absolute tern-00 .

perature T in Fig. 6i. Ontly the data fromn the three lowest A9'C. ALL0V

tetliperat tire lines in Fig 5 are incluided in Fig. 6. Again the a I0 C.V

linies are the least squares fits to the points. Since 0 f sac/

a. DT = Do exp(-Eo!I.T) (4) A

6 ______________________ ~004

6--

04 W

Sa 22

soe.C ol

t t 2C

FKc 5 AES peak to peak heightso of egatediat temperatures !s5.220.

FIG. 3. AES peak to peak heights of S sepepted ons the surface of 99.99% dulied curves at 490' and 310"C were obtained theoretically Iroi. Eq (6)
Ca NVP Grade. Materiaki Resarch Corporation) as a function of (itie)"'2. metng EA and A. values calcubated from the straight hum show in Fig. 7.
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(MATuR* VC. temperature range from 25° to O"C. This mode was dil-
fusion controlled and can be described by Eq. (3). It appears
to be identical in its mathematical description to the well

o,- _known phenomenon of outgassing, with the difference that
the diffusant accumulated on the surface in our case rather

OF WC C than being vaporized. The activation energies for the four
0- t.0o3,0v samples were 0.31, 0.24.0.18. and 0.29 eV/atom for OFHC

a "9999%C. (99.98%) C,. 99.99% (VP) Cu. 999999% Cu, and 0.086 w/o
WAg in OFHC Cu, respectively. The lowest value of activation

003- energy was characteristic of the purest sample, while the more
K2  impure samples gave higher values. It is estimated that the

00 ' error in these values is of the order of 4: 005 eV/atom
A very rapid segregation of sulfur near 5000C on the

Ag/Cu alloy was also observed. Eq. (6), which applied well
0 o'024,v at 490°C, can be solved for 0. Its time derivative dO/dt de-

creases exponentially with time. It has been suggested that this
0001 result may be caused by an activation energy EA which in-

Ac. A, creases with coverage.° However, the linear plot at 490"C
E..o02Ss shown in Fig. 7 indicates that after a short initial period of

OO T adjustment, the slope I-Ao exp (-EA/kT)I does not vary with
0 05 1 ,5 2 25 3 35 time. It therefore does not vary with overag c. % hich incw.ren"e

with time. Thus EA appears to be a (conatit %vithI resly, t to

Fi. 6 The squares of the lines (K2) in Figs 2-5 as a function of reciprocal coverage at 490C C. Iy solvingsimlham.ti.) tieeqiat ions
temperature.See text of the 490'C line .nd the 510( lie at h';ns.cr times (shown

in Fig. 7) one can obtain an activation energy EA - 1.2 eV/
N. and N, are the number of surface sites covered by the atom with Ao = 66710 s- 1. Above this 500'C temperature
adsorbed species x and the total nutmber of surface sites re- range, the sulfur concentration dropped and reached zero at
spectively; ( = N1/N is the surface coverage; P, is the re- 600°C. Simultaneously the oxygen surface concentration rose
sidual gas pressure and A is a pre-exponential constant. In our from zero to a substantial value suggesting that the mechanism
case, P1 is related to an internal "pressAIre" that causes the of sulfur oxidation to SO2, as observed by Holloway and
surface segregation. Expressing this equation entirely in terms Hudson on nickel, may also be effective in the case of cop-
of 0, letting AP, = Ao and integrating, one gets per. The difference in the two cases would be that for Ni,

In (0 - 0) = -Aot exp(-EA/kT) + (o. (6)

Normalized peak to peak Auger signals of sulfur (i.e., C, re- - ,0 I I
ferred to earlier) essentially gave the ratio of surface sulfur -oo,
atoms to the total number of atoms of all elements on the
surface, in other words, surface coverage 0.

Sulfur data for the rapid segregation observed at 490' and -o2 o
510'C on the Ag/Cu alloy are plotted in Fig. 7 according to
Eq. 6. At 490'C a good fit is obtained for all the data points
(except the first) to a least squares straight line. At 510'C, two -003
linear regions are apparent, suggesting that at least two sep-
arate processes are occurring. At 5350C the surface sulfur
concentration had already begun to decrease. At 600'C no a -00
sulfur remained on the surface.2

Reflection high energy electron diffraction (RHEED) -
patterns were also obtained from one of the OFHC Cu sam- -ocS
pies after it had been cooled to 25' from 600^C. This sample SC

then had a 36 a/o surface coverage of sulfur, as determined
by AES. The RHEED work was done in a transmission elec-
tron microscope after the sample had been exposed to air for
a few hours. The patterns obtained were characteristic of Cu,
Cu2O, and orthorhombic Cu2S,10 the Cu2O having formed
on air exposure. I I . ,

0 0 d o
V. DSCUSON m,,amt, i I

FI. 7. Surface tkine f Son adte Ag/Cu&ay m3WC. 1k
A single mode of sulfur segregation on the surfaces of the lm dowj the rlmuiwdd ue hs(1-) and tioma a4W id $51copper ample. investigated in this work predominated in the c.
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In Situ AS CIARACTERI7ATION OF ROTATING ELECTRICAL CONTACTS

B. Singh and R. W. Vook

Department of Chemical Engineering and Materials Science

Syracuse University, Syracuse, N. V. 13210

ABSTRACT

The electrical contact resistance and surface chemical composi-
tion of a rotating copper slip ring in contact with two wire brushes
were investigated in situ under ultra high vacuum conditions as a
#unction of the number of revolutions of the slip ring. The initial
surface of the copper slip ring was examined by Auger electron spec-
troscopy (AES) techniques and found to be almost completely covered
by surface impurities largely consisting of carbon. As the slip ring
was rotated i, contact with the brushes, the impurity concentration
declined sharply to less than 10 a/o after several hundred revolu-
tions. A corresponding decrease in electrical contact resistance and
a sharp increase in friction and wear were also observed. Regard-
less of polarity, the brush with the higher contact pressure had the
lower contact resistance. The in situ experiments were terminated
when the motor turning the slip ring could no longer overcome the ad-
hesive forces between the brushes and slip ring. Subsequent scanning
electron microscopy observations of the brush and slip ring surfaces
gave supplementary information on the mechanisms of friction, wear
and surface cleaning during rotation. For a given experiment the
change in contact resistance during rotation divided by the change
in impurity concentration on the surface of the slip ring is approx-
imately the same for the positive and negative interfaces. This par-
allism of contact resistance and surface impurity concentration sug-
gests that the former is caused to a significant extent by the lat-
ter. Since the surface impurities are mostly carbon atop-s, it is
concluded that carbon impurities are largely responsible for the ob-
served contact resistance.

INTRODUCTION phenomena associated with rotation of acopper sli
ring in contact with two copper wire brushes run-

Most previous studies of electrical contact ning on different tracks. Residual pressures in
phenomena have been concerned with experiments the low 10-9 torr range were obtained in the un-
carried out under normal or near normal atmospher- baked system after several days of pumping by an
ic pressure conditions because those are the con- arrangement consisting of a titanium sublimation
ditions of principal comnercial importance.' Re- pump and a Vac-ion pump.
cent workers in this area, however, have used con Figure 1 shows the arrangement of the slip
trolled environments such as for example humidi- ring which rotates in contact with two Cu wire
fled carbon dioxide,2,3 humidified air andholium. brushes. The brushes are pressed against the sli
In a few cases ultra high vacuum techniques have ring by means of a stainless steel spring that is
been used to study adhesion and contact resistance electrically insulated with ceramic beads. The
under clean surface or carefully contaminated sur- brushes can be removed from the contacting slip
face conditions.s'9  ring surface by manipulating two linear-rotary

In the present experiments in situ measure- vacuum feedthrus. The slip ring is axially at-
ments were made on a copper slip ring rotating in tached to a magnetically coupled rotary feedthru,
contact with two copper wire brushes3 running on which is turned by an A. C. motor coupled to it
different tracks under ultra high vacuum condi- by a rubber belt. The slip ring is composed of
tions. The electrical contact resistance of each OFHC (99.98-:) Cu and the brushes each consist of
brush-slip ring interface was measured along with 362, 0.005" diameter, gg.gg9'. Cu wires.
the chemiical composition of the surface of the The temperature of the interface ismonitore
slip ring as a function of the number of revolu- in an approximate way by a copper-constantan thev
tions. Subsequent examination of the contact mocouile (TC) included in brush (I). The thermo-
surfaces by scanning electron microscopy was also couple junction is located about I mm from the
carried out. The results allow correlation of Interface to avoid conLact and possible surface
contact resistance with interfacial chemical com- contamination. It is electrically insulated by
position, means of glass wool sleeving. The brushes are

tightly screwed to two 5 S/8" long rectanqularly
EXPERIMENTAL DETAILS shaped (1" x'2") stainless steel electrodes, each

having a smooth hinge In the middle. This hinge
A stainless steel ultra high vacuum (LIV) lets the brush move away from the slip ring but

system was used to investigate electrical contact prevents it from collapsing towards the slipring



These electrodes are then attached to two 3/80 di-
ameter ofHC Cu-ceramic vacuum feedthrus (CL).
This arrangement provides a low series resistance

I AS 1Mo1AIm to the contact resistances. The voltage leads (VL)
are clamped near to each brush to avoid the rela-
tively large and erratic higge resistance. The

NAND brushes are arranged at 180 to each other and ax-
,kAtLAMh lally displaced (1.6 cm) to make separate tracks on

the slip ring. The whole brush-slip ring assembly
is mounted on a specimen manipulator capable of x,

c c. y. z displacements. The UHV system contains an
Auger cylindrical mirror analyzer (Ct4A). a 3 Key
sputter ion gun and a 900 magnetic sector partial
pressure analyzer. See Figure 2.

The surfaces of the OFIIC copper slip ring and
the wire brushes were mechanically polished with
emery papers down to grit 600-A and then rinsed in
acetone and ethanol. Each brush was mounted with
a thin (0.03" thick) stainless steel sheet behind
it to stiffen it. The end of the stainless steel
sheet was located approximately I m away from the

0slip ring surface.
The slip ring was electrically grounded by

means of thick copper wires sliding on the stain-
. 2. v.less steel axis, the neutral contact. The contact
+ resistances between (1) the positive brush and

slip ring and (2) the negativ- brush and slip rinq

-L-- were recorded on a dual pen recorder. Each mea-
sured resistance therefore includes a small lead

woo.- resistance as well as the contact resistance at
the brush. Since no appreciable current flowed
through the neutral contact, its voltage contri-
bution can be neglected. Experiments were per-

FIGURE 1. Schematic of UHV vacuum chamber, rota- formed with four brush direct currents: SOM,

tional feedthru and slip ring-brush SA, 30A and 32A. The same current went through
assembly. both brushes. With the brushes retracted, the

slip ring rotated at a speed of about 150 rpm,
measured by an optical tachometer. During the
experiment, the rotational speed of the slip ring
was measured at regular time intervals along with
the input power to the motor. The temperature of
brush (1) during slip ring contact was automatic-
ally recorded on a Honeywell temperature chart re-
corder at intervals of 30 secs.

1041A The CMA of the Auger spectrometer could exam.
ine the positive and negative brush traces on the
slip ring surface by raising or lowerinq the slip
ring assembly with the bellows-sealed soecime,
manipulator after the brushes were retracted with

OM the two linear-rotary motion feedthrus. The Auqer4NW electron spectrometer was fully controlled by a
Hewlett Packard 9825A desktop computer usinq a
multi-programer. Typical Auger traces covering
a 50 to 1300 eV range were directly digitized
with an energy increment of 0.65 eV. Co'Y)uterized
values of peak to peak heights of the A[S signals

6L Noof various elements were obtained with& precisior
of I in 2000. These Auger spectra were taken

~ s using a primary beam energy of 3 KeY, a modula-
tion amplitude of 5 volts (peak to peak) and a SO
PA beam current. The Auger spectra were taken
while the slip ring was rotatinq and the brushes

FIGURE 2. Top view of the slip ring-brush were retracted, thus giving an average surface
assembly, CMA, sputter-ion gun, mass composition of the track. Residual gas analyses
spectrometer and other feedthrus in were also performed before and after the contact
the UHV chamber. resistance measurements were carried out.

After the experiment was over, the slip ring
and brushes were removed from the vacwma chamber.

LI



SEN pictures were then taken of both the positive J M N
and negative surface tracks and also of the brush .0 • sUo m W
contact surfaces, m "

RESULTS * ,ssw,,m re.4 I,,u CI ,

A. Contact Resistance and Friction Measurements j "

The contact resistance measurements are shown
in Figs. 3 and 4 for both positive and negative
interfaces and for forward and reverse brush po- "
larity. Clearly the contact resistance decreases ,
with increasing number of revolutions at ambient al -.00e
temperature. In addition the curves are more or
less parallel to each other indicating that the go
initial conditions determine whether a curve is . ,. ." .
"high" or "low". These initial conditions include -- "
such variables as surface impurities, brush wire
orientation and stiffness, lead resistance, con- 08
tact force, etc. Also the frictional force in-
creased substantially, resulting eventually in ap- 11AW6 .uMS

preciable vibration caused by alternate welding FIGURE 4. Contact resistance versus slip ring
and fracture at the interface. Finally the motor revolutions for various current
stopped rotating due to excessive friction. In densities. Reverse polarity.
addition, the rotational speed of the motor
driving the slip ring decreased by about 2514 (from
150 to 115 rom) while the current to the motor in- on hr'ash 1. It arises from the manner in which
creased by about 20. (from 96 mA to 115 mA) during the forces on these brushes are applied. Ex situ
the experiments, exnerime.nts showed that the fc.-ces needed to break

indicate electrical contact on brushes 1 and 2 were 260 andIn Figs. 3 and 4 the circled points 180gdsresecivly

the contact resistance R before the slip ring 180 gms. respectively.

started rotating and after it stopped. It is B. AES Results
clear that R did not depend significantly on the
angular velocity of the slip ring since the cir- In each experiment, Auger electron spectra
cled values for a non-rotating slip ring are es- were taken in situ from both the positive and neg-
sentially the same as those obtained when it was ative brush tracks on the slip ring before and af-
rotating. The total number of slip ring revolu- ter (but not during) the contact resistance meas-
tions at the time each resistance was measuredwas urements. The brushes were retracted during the
calculated from a graph of the speed of rotation AES measurements and the slip ring was continuous-
versus time of the experiment. Figs. 3 and 4 also ly rotated. This procedure gave the average impur-
show that the number I brush-slip ring interface ity concentrations of the whole track with only
(Fig. 1) always had the lower resistance. This negligible loss in resolution. Peak to peak
result is due to the higher contact force exerted heights of all Auger signals were normalized'0 ,11

to fractional atomic surface concentrations with-

161411 TWO L out making any other corrections.12,13 The ob-
to ,served decrease in the impurity concentration

during rotation is given in Table I. The Cu andC
,-?avs., ,.r.,,o.h.~., 1..,, ] ] .concentrations are listed along with the sum of

M@?O 1O --. s,, D &a,.~,g., €a.j 0 all the impurity concentrations. These impurities

.... -consisted of C, S, 0, Cl. N. No clear correlation
to. of final imp,,rity concentration with current or

1 with the positive and negative brushes was observed,
I--- --- - suggesting that any possible electromigration ef-

- ... .... fects were not significant in the present study.
On the other hand, the change in contact resis-
tance aR divided by the change in concentration

a1 of the surface impurities on the slip ring was
approximately the same for the (4) and (-) inter-
faces in each of the experiments.

* , ;- ;An additional set of experiments was per-
koft , 4Kformed to determine the surface composition of the

slip ring as a function of the number of revolu-
FIGURE 3. Contact resistance versus slip ring tions n, rather than just before and just after

revolutions for various current the resistance measurements were made. These re-
densities. Forward polarity. sults showed that the change in impurity concen-

tration with n more or less parallels the change



in contact resistance.
At the end of each experiment and before the

system was opened to dry nitrogen, AESmeasurements "?
were made on the rotating slip ring (brushes re- ,
tracted) to determine the magnitude and nature of
impurity buildup on the surface due to the resid- " '
ual gases present in the system. It was found- 7
that the concentrations of all the impurities in-
creased only very slightly with time. The rate of
increase of the total impurity concentration on
the rotating slip ring varied from 0.05 to 0.26a/o
per minute. This effect therefore has a negligi-
ble influence on the results presented in this re- I
port. These results along with the temperature L
increases observed in the number I brush are list- ," "
ed ih Table I. .

C. Scanning Electron Microscopy 4 l

SEM pictures of the brush tracks on the slip 0.2mm
ring, taken after the slip ring was removed from ..
the vacuum system, showed that the surface mater- • -. " I
ial was smeared out in the track areas, suggesting
that the initial surface impurities were buried FIGURE 6. SEM photograph of the wear surfaces on
during rotation. Also small pieces of brush wires the Cu wires of the brush. Arrow
W can be seen to be adhering to various places on gives the direction of motion of the
the slip ring as shown in Fig. 5. The ridges slip ring across these surfaces.
shown in this micrograph lie parallel to the di-
rection of travel. Each ridge arises from random
localized welding of a wire to the slip ring
during rotation resulting in tensile plastic de-
formation of the region near the weld area along DISCUSSION
the direction of motion and eventual fracture of
the weld. Continued rotation tends to smooth A series of experiments in which an OFHC Cu
these areas into ridges. SEM pictures of the slip ring rotated in contact with a multi-wire
brush ends also showed occasional abrupt, broken 99.999% Cu brush was carried out under UHV condi-
ends of wires, along with smeared out flat regions tions. The current densities used were 1.09, 109,
also containing ridges, as shown in Fig. 6. 654, and 698 A/cm 2. Both forward and reverse po-

larity experiments were carried out. Use of a
neutral brush permitted the measurement of contact
resistance for both the positive and negative in-

. ,. . terfaces. No systematic relationship between con
-. tact resistance and current density was observed.

An Auger electron spectrometer was used to deter-
. mine the chemical composition of the positive and

. "- : negative tracks on the slip ring.
., . -. The results show ti'at for each experiment,

-- j the ratio of the change in resistance AR to the
_.. - .... . change in surface impurity concentration aI is ap-

• "-. 7 proximately the same forthe positive and negative
. .brushes. Carbon was found to be the major consti-

tuent of the impurity concentration. However, for
"d different exoeriments, the surface composition and

contact resistances do not correlate well. This
result is due to different initial conditions in

S. different experiments, such as for example slight-
**, . ly different lead resistances, different chemical

composition at the initial interface, and differ-
0 0 .. " ent contact pressures and geometries of the brush

** .I-nm- ,wires. These experimental variables presumeably
S..gave rise to the parallelism of the contact re-

sistance curves in Figs. 3 and 4. On this basis
FIGURE S. SEM photograph of OFHC Cu slip ring, it is the change in contact resistance AR that is

negative track, showing topography and due to the cheimical impurities at the brush slip
broken brush wire pieces W. Arrow ring interface, the absolute values being due
gives direction of relative brush largely to systematic experimental variables de-
motion. termined by the initial conditions of the experi-

ment.

-----

7 1i~



It should also be noted that the initial in- face exceeded the available torque of the motor
terfacial impurities are distributed throughout turning the slip ring. At this point permanent
a volume of material close to the initial inter- welding occurred, and it caused the slip ring to
face by the mechanical "mixing" arising from the stop rotating. The SEN work showed that pieces
plastic deformation that occurs while the slip of the brush wires had broken off and became per-
ring rotates in contact with the brushes. Thus manently welded to the slip ring. The wear sur-
an initial interfacial contact resistance is con- faces themselves consisted of an extremely rough
verted to the volume resistance of a thin layer and ridged topography that had clearly undergone
near the original interface during the course of severe plastic deformation.
the experiment. The electrical resistance of Finally, the temperature measurements Indica-
this layered distribution of impurities is sig- ted that during rotation the temperature near the
nificantly lower than that of the initial surface interface rose some 10 to 250C above room temper-
distribution ot the same impurities. Neverthe- ature, the higher values applying to the higher
less, it will depend on the total number of im- current densities. Apparently much higher temper-
purities at the original interface and of course atures were prevented by the high thermal conduc-
the number of slip ring revolutions that have oc- tivity of the brush and slip ring materials.
curred. Thus the curves in Figs. 3 and 4 would Clearly the temperature increase was not signifi-
be expected to have small vertical displacements, cantly related to the current density since a more
after hundreds of revolutions, determined by the than two orders of magnitude increase in current
total surface impurity concentration at the ini- resulted in only a modest rise in temperature.
tial interface. These results suggest that interfacial friction,

It was also observed that the contact fric- rather than current density may be the principal
tion increased substantially as the contact sur- contributor to the temperature increase observed
faces became cleaner. As the rotation proceeded in the present experiments.
the frictional forces increased until the adhe-
sive forces on the clean portions of the inter-

TABLE I

Composition No. Composition Contact Resist. Increase

Brush Maximum Brush before rot.(a/o) of after rot.fao) before after bR/&I in brush

pressure current Cu total C rot. Cu total C rot. rot. temp. at

I0"9 torr (amps) impurities (n) lmpurities (iO) (mn) end (0C)

1 + 42 58 44 98.3 1.7 1.0 1.21 0.47 0.013 114 o0 05 825
2 4-0 46 54 37 97.9 2.1 1.4 1.78 1.17 0.012 --

S6 -0.05 41 34 96.4 3.6 2.3 2.40 0.60 0.048 9-0.05675
2 4 60 40 30 97.6 2.4 1.5 3.50 1.50 0.053 --

I + 56 44 30 87.9 12.1 7.9 1.05 0.64 0.013 13
4 5 365

2 - 51 49 33 86.7 13.1 9.3 2.40 1.68 0.020 --

1 - 60 40 34 94.8 5.2 3.4 0.92 0.48 0.013 13
5 -5 305

2 + 56 44 38 94.2 5.8 3.8 1.92 1.45 0.012 --

1 4 48 52 42 97.1 2.9 2.0 1.60 0.85 0.015 24
4 32 710

2 - 53 47 35 95.2 4.8 3.7 1.73 1.01 0.017 --
1 - 31 69 59 91.5 8.5 3.5 1.40 0.54 0.014 17

4 -30 4002 * 32 68 55 92.2 7.8 3.8 2.50 1.49 0.017 --

- m - -i - --... .-
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INTERFACIAL CHARACTERIZATION OF COPPER SLIP RING-WIRE BRUSH CONTACTS

B. Singh and R.W. Vook

Department of Chemical Engineering and Materials Science
Syracuse University, Syracuse, New York 13210 U.S.A.

Abstract

The chemical, electrical, and mechanical properties of the interface between
a Cu slip ring that rotates in contact with two Cu wire brushes were investi-
gated by Auger electron spectroscopy(AES), scanning electron microscopy(SEM),
contact resistance, and frictional force measurements. The experiments were
carried out in an ultra high vacuum system. The contact resistance at both
the positive and negative interfaces decreased with increasing number of
slip ring revolutions while the frictional force increased. In situ AES
measurements showed that the composition of the slip ring surfaice, which was
initially covered by about 50 atomic percent (a/o) of carbon, changed drasti-
:cally during rotation. After many revolutions it approached that of a cleani
Cu surface (total impurities < 10 a/o). The decrease in contact resistance
with the number of slip ring revolutions more or less paralleled the decrease
in total impurities. This parallelism suggests that the contact resistance is;
caused predominantly by the surface impurities. No systematic relationship
between contact resistance and brush current density was observed. SEM ob-
servations showed that the surface material was smeared out in the brush
track areas and the initial surface impurities were buried during rotation.

1. Introduction

The current carrying capacity and the dynamic friction and wear properties
of electrical contacts are important technological considerations which are
presently not very well understood. The application of surface science tools
f1-5) to these problems has brought with it an increased understanding of the i
complexity of the situation. The present communication describes the results,
obtained in the application of some of these techniques to an in situ, ultra
high vacuum(UIIV) study of the interface between a rotating slip ring in con-
tact with a wire brush. It represents the initial stage of a broader research,
program in which the effects of controlled gaseous environments will be de-
termined.

2. Experimental Arrangement and Method of Measurement

-97
A stainless steel UHV system (residual gas pressure 3x0- torr, 4xl0-!Pa)

was used to study electrical contact phenomena associated with rotation of a,
copper slip ring (OFIIC-99.98%Cu) in contact with two copper wire brushes(each'
consisting of 362, 0.005" diameter, 99.999%Cu wires) running on separate I
tracks 6}. The brushes were pressed against the slip ring surface by means'

j of an insulated steel spring. They can be removed from the surface by manip-
ulating two linear-rotary vacuum feedthrus. The slip ring is attached to a
magnetically coupled rotary vacuum feedthru which is turned by an A.C. motor
coupled to it by a rubber belt. The UHV system contains an Auger cylindrical
mirror analyzer(CMA), a 3 KeV sputter ion gun an4 a 900 magnetic sector par-
tial pressure analyzer.

The surfaces of the slip ring and the wire brushes were polished smooth with
emery paper (grit 600-A) and then rinsed in acetone and ethanol before being
put in the vacuum system. The slip ring was electrically grounded and the

-w. - -- -- *
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contact resistances between (1) the positive brush and slip ring and (2) the
negative brush and slip ring were recorded on a dual pen recorder for brudhI

"1 currents of 50mA, 5A and 30A. With brushes retracted, the slip ring rotated
at a speed of about 150 rpm, measured by an optical tachometer. The normal
force on each brush was measured. The average frictional force was deter-
mined from the decrease in rotational speed of the slip ring by comparing it
to a calibration involving known torques applied to the slip ring in a sepa-
rate experiment in air. The Auger electron spectrometer used to determine
the elemental surface composition of the slip ring surfaces was controlled
by a Heulett Packard 9825A desk top computer using a multi-programmer. Typ-!
ical Auger traces covering a 50 to 1300 eV range were directly digitized.
Computerized values of peak to peak heights and concentrations of the various
elements were obtained. A schematic diagram of the slip ring-brush assembly
and further details of the experimental techniques are given elsewhere .
After each experiment was over, the slip ring and brushes were removed from
the vacuum chamber, and SEM pictures were taken of both the positive and neg-
ative surface tracks on the slip ring and also of the brush contact surfaces.

3. Contact Resistance and Friction

The contact resistance decreased TALO.m,
LINE AR TRACK LW~m I ies

with increasing number of revo- 0 o 2 30

lutions. Also the rotational 2 -3

speed of the motor driving the
slip ring decreased while the
current to the motor increased,
both as a result of increasing j
frictional force. Alternate AoR 2

welding and fracture at the in-
terface resulted in an appreci- 1 /

able vibration culminating in / samu p CurmIlOO,9A/c,,m)-R wse

permanent welding which caused ,
the motor to stop. The ratio .5................
of the frictional force to the / -"

measured average normal contact
forces on both brushes gave the
average coefficient of friction 0 100 200 300 400

W. The contact resistances SLIP RING RE ,LUTIONS-n

for the positive and negative
,interfaces at a 5 Amps.D.C. Fig.l: Contact resistance and average coefj
i brush current and the averagep ficient of friction versus slip ring
are shown in Fig.l. Similar revolutions.
results were obtained for 50mA
and 30 A brush currents for
both forward and reverse polarity. In Fig.l the circled points indicate the
contact resistance R before the slip ring started rotating and after it stop-;
ped. It is clear that R did not depend significantly on the angular velocity
of the slip ring. The lower contact resistance at the negative brush was due
to the higher contact force there. It arises from the manner in which the
forces on these brushes were applied{71. In the experiment of Fig.l the nor-
mal brush forces needed to break electrical contact with the slip ring were
260(-) and 180(+) gms respectively. No systematic relationship between con-
tact resistance and current density was observed..

14. AES Measurements

,Elemental surface compositions of both the positive and negative brush tracks
:on the slip ring, and interface contact plus lead resistances for both brushes

; ...... A...



are shown in Fig.2 as a . • "" "

function of the number of

revolutions n for a 50 mA A..

brush current. The cir- ,, P )'r* i O

cled points represent 0 ,AMN

slip ring started rotat- * -€UM a

ing. In this set of ex- CA . UM SM'TA E

periments a different , A NTY
lead arrangement from

that used for Fig.l was

employed for the contact

resistance measurements. I
It included the lead re- ,

sistance and thus gave

the higher resistance OUS
values. Also the nor- oC
mal brush contact forces I..'-':------- ------

were comparatively small 0 OD I 20 2o 30.108 t

(169 and 118 gms), lead- SLIP 14vmO RVOLUTOO-,

ing to an increased num-

ber of revolutions prior Fig.2; Contact plus lead resistance and 
composi-

to permanent welding. 
tion of both slip ring track surfaces 

as

During AES measurements 
a function of slip ring revolutions.

the brushes were retracted

and the slip ring was con-

tinuously rotated. The measurements thus gave the average surface concen-

trations of the whole track, with only negligible 
loss in resolution. Peak

to peak heights of all Auger signals 
were normalized to fractional atomic

surface concentrations without 
making any other corrections. 

Nitrogen and

sulfur were also detected in 
addition to the impurities shown 

in Fig.2, but

their concentrations decreased 
to almost zero from initial values 

that were

less than 5 a/o.

Fig. 2 shows that the

change in impurity concen-

tration with n more or

less parallels the change
in contact resistance.

Similar parallels were al-

so observed in experiments

!in which currents were

,stepped from 5 to 30 Amps.

IThese results suggest

!that the interface impur-

ity concentration is di-

rectly related to the

contact resistance. Fi-

nally no significant

electromigration effects
up to current densities

of 654 amps/in
2 were de- .. -

itected.
Fig.3: SEM photograph of OFRC Cu slip ring, 

neg

ative track, showing broken wire 
pieces

W and ridges. Arrow gives direction of

relative brush motion.



5. Scanning Electron Microscopy

SEM pictures of the brush
tracks on the slip ring
showed that surface mater-
ial was smeared out along
the track areas. Thus the
initial surface impuri-
ties appear to have been
buried during rotation.
Small pieces of brush
wires W in Fig.3 were
seen adhering to various
places on the slip ring.
The ridges shown in this .
micrograph lie parallel
to the direction of tra-
vel. SEM pictures of the
brush ends also showed
similar ridges parallel V
to the direction of rel-
ative motion. See Fig.4. X
Note also the buildup of
material on the leading Fig.4: SEM photograph of tle wear surfaces on
edges of the wire brush the Cu wires of the brush. Arrow gives
ends. The ridges arise the direction of motion of the slip ring.
from random localized
welding of a wire to the
slip ring during rotation
resulting in tensile plastic deformation of the region near the weld area
along the direction of motion followed by eventual fracture of the weld.
Continued rotation tends to smooth these areas into ridges.
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